Southern Hemisphere peatlands store substantial amounts of soil carbon. Despite their importance in the global carbon cycle, little is known about decomposition processes and the associated fungal diversity. The present study describes the composition of fungal assemblage in two depths from a cushion peatland of predominating Astelia (Asteliaceae) and Donatia (Donatiaceae) species in Moat, Tierra del Fuego. From 48 samples processed, we obtained 338 isolates. Using different culturing methodologies, through direct and microscopic observation and using molecular methods we identified 38 fungal species and 18 genera of Ascomycetes and Zygomycetes. Isolates belonging to Ascomycetes were the most abundant, with dominance of Penicillium and Trichoderma. We described fungal composition and compared species diversity and evenness across two dephts. No differences in the diversity index and evenness were found between depths. The studied peat is an ecosystem that has a great diversity of filamentous fungal species, some of which are described in other peatlands worldwide.
INTRODUCTION
Peatlands are wetlands with a permanently high water level which accumulate organic matter resulting from incomplete decomposition of plant material (Koesnandar et al., 2006) . These environments represent the major important store of terrestrial carbon due to a long-term imbalance between rates of net primary production by plants and microbial decomposition (Clymo, 1984) . Primary production rates in peatlands are generally slow (Frokling et al., 1998) and decomposition rates are even slower due to environmental factors, including cold temperatures, partial anoxia, soil chemical and microbiological factors (Moore & Basiliko, 2006) . Although peatlands sequester organic matter into the anoxic layer, most of the carbon flux takes place in the oxic layer above the water level (Jaatinen et al., 2007) .
The microflora in peatlands consists of prokaryotes (bacteria and Archaea) and fungi (Kamal & Varma, 2008) . These microbial decomposers are of particular interest, because they are involved in decomposition of plant tissues, producing both peat accumulation and the release of CO 2 and CH 4 (Moore & Basiliko, 2006) . All of these organisms play important roles in carbon cycling, interact with plants via exchange of organic and inorganic compounds and they can also alter the physicochemical environment of the interacting organisms (Kamal & Varma, 2008) . Several reports had showed that microbial biomass decreases with depth, explained by the presence of more labile organic matter and higher redox states near the surface of peat profiles (Blodau et al., 2004; Basiliko et al., 2007) . Despite their importance in the global carbon cycle, microbial communities in these sites are still poorly understood (Peltoniemi et al., 2009; Lin et al., 2012) . The most studied microorganisms in peatlands are bacteria, specially methanotrophs (Chen et al., 2008; Kip et al., 2012) and methanogenic archaea (Basiliko et al., 2003; Sizova et al., 2003) .
It has long been suggested that heterotrophic fungi are the dominant microbes and principal decomposer organisms in many acidic ecosystems, such as peatlands, which in oxic conditions are considered to be the main agents of litter decomposition (Killham, 1994; Andersen et al., 2006) . Fungi produce a wide range of enzymes that degrade complex polymers such as starch, cellulose, proteins, chitin, keratin, and even the most complex lignified materials such as wood.
Although there are reports from fungal communities, to date peatlands have not been extensively investigated. Studies including cultivation of fungal isolates or direct identification by microscopy were done several decades ago (Dooley & Dickinson, 1970) . Other studies were focused on particular plant species or decomposition of fresh plant litter (Thormann et al., 2003 (Thormann et al., , 2004 Thormann, 2006) . Differences in microbial community structure have been identified between peatland types (eg. bogs and fens) as well as among depths down the peat profile (Jaatinen et al., 2007; Peltoniemi et al., 2009; Preston et al., 2012) . Different approaches on fungal studies based on molecular methods or phylogenetic information obtained from 18S rRNA gene or ITS sequences have been focused on the classification and community ecology of mycorrhizal fungi (Horton & Bruns, 2001; Anderson & Cairney, 2004) . Also, the use of denaturing gradient gel electrophoresis (DGGE) and clone libraries of fragments of the fungal rRNA internal transcribed spacer (ITS) region allowed the characterization of the fungal communities across a gradient of naturally regenerating peatland (Artz et al., 2007) .
The last reviews on fungal diversity in a variety of peatlands in Europe, North and South America (Thormann, 2006; Thormann & Rice, 2007) report 601 species of fungi identified globally, being Ascomycetes the largest group with 276 species Palabras clave. Astelia-Donatia; comunidad fúngica; diversidad; PCR-RFLP; turbera. versidad y equitatividad de las especies a dos profundidades de muestreo. No se encontraron diferencias significativas entre la composición de especies, la diversidad y equitatividad. La turbera estudiada es un ecosistema que presenta alta diversidad de especies fúngicas filamentosas, algunas de ellas descritas en otras turberas en todo el mundo.
(46%), followed by Basidiomycetes (243 species, 40%), Zygomycetes (55 species, 9%), and Chytridiomycetes (26 species, 4%). In Argentina, peatlands are only found in the southern region of the country (Patagonia), and they are predominant in the southwestern region, where they are widely distributed (Malvárez et al., 2004) . Peatlands of Tierra del Fuego occur where the annual rainfall rises from 400mm, and are widespread through the deciduous and evergreen forest zone (Moore, 1983; Pisano, 1983) . Most of raised bogs in Tierra del Fuego only have Sphagnum species, predominantly S. magellanicum (Bridel), which forms hummocks, hollows and all the other complex structures that are typical of bogs (Baumann, 2006) . The uninhabited Eastern part, known as Península Mitre, is exposed to hard oceanic conditions; in this area mires are particularly frequent and cover a total area of approximately 2,400 km 2 . The forest and mires are dominated by Nothofagus betuloides (Mirb.) Oerst. and cushion plants (e.g. species of Astelia). There are numerous studies describing expeditions and fungal diversity from different sites in Tierra del Fuego, for example, those associated to Gunnera magellanica Lam. (Pancotto et al., 2003) or Nothofagus (Gamundí & Amos, 2007; Godeas, 1983; Godeas & Arambarri, 2007) . Other reports have shown the influence of solar UV-B on the fungal communities in Sphagnum peatlands (Searles et al., 2001; Robson et al., 2004) . However, there are no descriptions of the fungal composition on cushion peatlands of Tierra del Fuego composed by Astelia pumila (G. Forst.) Gaudich. (Asteliaceae) and Donatia fascicularis
The objective of this work is to describe depht-dependent microfungal community composition in a pristine bog located at the southeastern region of Tierra del Fuego (Moat) using different culture isolation methodologies and assisted by microscopic observation or molecular techniques.
MATERIAL AND METHODS

Site description
Collection of samples was carried out during the austral summer 2010 in Moat Valley, Isla Grande, Tierra del Fuego, Argentina. This area is part of the Subantartic phytogeographic Province, District Magellan, where characteristic vegetation consists of steppes, forests and peatlands (Moore, 1983) . The study site (Moat Valley, 54° 58' 32.6'' S, 66° 44' 04.1'' W, 40 m a. s. l.) is a pristine cushion peatland near the southeastern coast of Tierra del Fuego at Bahia Moat, North of the Beagle Channel, 100 km East of Ushuaia (Fig. 1) . The Moat Valley peatland is exposed to the sea, without protecting mountains, where precipitation conditions consist of 500-600 mm of rain and more than 150 mm of snow per year (Fritz, 2012) , with average annual temperatures close to 6° C and low amplitude due to strong oceanic influence (Roig & Collado, 2004 ). This mire landscape in Moat Valley is characterized by abundant peat-forming cushion plants such as Astelia pumila, which is dominant and forms rigid 'blankets' or sometimes real hummocks that gives the mire a green appearance, and Donatia fascicularis, which is less frequent (Gebser, 2008) . The cushion plants are found in this bog system and form dense root systems consisting of shallow tap and aerenchymatous roots of > 100 cm in length (Fritz et al., 2011) , although they are also found on blanket bogs on the hills close to Moat, where the peat layer is approximately 0.6 to 3 m thick.
Low nutrient concentrations (below 15 mg N/g and 0.3 mg P/g of peat dry weight) have been reported in the 2-m uppermost peat substrate (Fritz et al., 2011) . The peatland sampled in this study preserved its pristine character remaining unaffected by anthropogenic alteration such as drainage, agriculture or elevated atmospheric nutrient deposition.
Sample collection and processing
Sample collection were done in triplicate peat cores along three parallel transects randomly traced. Along each transect, 8 sub-sampling points were placed 1 m apart and intact soil cores (20 cm depth, 12 cm diameter) were taken using a steel soil corer, knives and saws, due to the characteristic compacted peat formed by Astelia sp.
Samples were placed separately in sterile plastic zipper bags and they were immediately stored at 4 °C in the laboratory. Two days after collection, they were transported to the laboratories of IN-BIOTEC (Mar del Plata, Buenos Aires Province). Processing the 24 sub-samples included removal of the first 3 cm (usually containing live tissue of Astelia, Donatia or other plant species) and the remaining peat block was divided according two depths: (A) 3-10 cm and (B) 11-20 cm. Stones and macroscopic dead plants were removed.
Soil pH, temperature and distance from deep water were determined for each sample. Average values of pH and temperature of the soil were 4.23 and 12.4 ºC respectively. Water levels were automatically recorded (Odyssey capacitance probes ®, Dataflow). During the sampling period we observed a 3-week period with water level 10 cm below the surface (data not shown). Peat sampled showed a high degree of decomposition while oxygen loss by roots may stimulate oxidation processes down processes below the upper 200 cm of the peat profile (Fritz et al., 2011) .
Microfungal isolation
A combination of isolation methods was applied in order to obtain more information about the composition of peat fungal communities. Each sub-sample was homogenized and one gram of wet soil was processed with each of the three isolation techniques: direct sowing soil, soil diluted methodology and moist chamber incubation. Fungal growth was macro-and microscopically observed under stereoscope on culture plates and fungal structures were examined by optical microscope (40×).
Direct sowing soil
Each sub-sample was divided into five small portions and placed in Petri dishes containing solid culture media Potato Dextrose Agar (PDA: 200 g of potato infusion, 20 g of dextrose, 15 g of agar and 1L of distilled water) or Czapeck Dox (CD: 1 g of KH 2 PO 4 , 30 g of sucrose, 2 g of NaNO 3 , 1 g of K 2 HPO 4 , 0.5 g of MgSO 4 , 0.5 g of KCl, 0.01g of FeSO 4 , 15 g of agar, and 1 L of distilled water) with the addition of 1 g/L of chloramphenicol and adjusted to pH 5. A total of 240 particles, [5 particles of each sub-samples at depth A (24) and depth B (24)] were seeded in 48 Petri dishes with PDA and 240 particles in 48 Petri dishes with CD. The plates were incubated at room temperature (18±2 ºC), since colonies developed faster than 10±2 ºC (temperature of collected samples), until the appearance of fungal colonies. The number of colonies per species was registered by Petri dish.
Diluted soil
Each sub-sample were placed in a test tube with 10 ml of sterile distilled water. The suspension was stirred with a Vortex mixer for 1 min and two dilutions (1:100 and 1:1000) were done. A 600 ml aliquot of 10 -3 dilution was seeded on Petri dishes on PDA and CD media. A total of 96 dishes were seeded and incubated at room temperature (18±2 ºC), until the appearance of fungal colonies.
Moist incubation chamber
Moist chambers (24 for each sub-sample set) were prepared using a sterile plate containing filter paper, two plastic rods and a slide with the corresponding sample of peat. They were regularly moistened with sterile water and maintained at room temperature until the appearance of fungal colonies. To isolate fungal species, a portion of fungal mycelium or spores was taken and seeded in a dish with PDA medium.
Identification of peat microfungi
Pure cultures of isolated fungi were characterized on the basis of their micro-and macromorphology according to previous reports (Ellis, 1971 (Ellis, , 1976 Carmichael et al., 1980; Domsch et al., 1980; Ramírez & Martínez, 1982) . Some isolates of Trichoderma together with a group of sterile mycelia were identified with molecular methodologies.
DNA extraction and PCR analysis
Each isolate was grown for 5 days at room temperature in 50 ml of PDA medium under orbital shaking. Mycelia were harvested under vacuum and lyophilized. About 100 mg of powered mycelia were used for DNA extraction following a modified version of the cetyltrimethylammonium bromide (CTAB) method (Murray & Thompson, 1980) . DNA quality was determined by electrophoresis on 1% agarose gel. PCR amplification of fungal the ITS region (including ITS1 and ITS2, and 5.8S gene of rDNA) was carried out with primers ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3'; White et al., 1990) . PCR was conducted in a 25 µL final volume with 10 ng of template DNA, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of dNTPs, 0.5 µM of each primer, and 1 unit of Taq polymerase (Invitrogen, Carlsbad, CA, USA). Thermal cycling conditions involved an initial denaturation step at 94º C for 2.5 min, followed by 30 cycles of 94º C for 15 s, 48º C for 1 min and 72 ºC for 1.5 min, and a final extension at 72 ºC for 10 min. PCR products were separated by electrophoresis in a gel containing 1% agarose (Invitrogen Carlsbad, CA, USA) in TAE buffer (40 mM Tris-HCl, pH 8, and 2 mM EDTA). Gels were run for 1 h at 120 V, stained with ethidium bromide and photographed with a Fotodyne system (Hartland, WI, USA).
PCR-RFLP analysis
Amplification products of ITS regions from 40 Mycelia sterilia were analyzed through PCR-RFLP (PCR-restriction fragment length polymorphism). The restriction reactions were performed in a 20 µL final volume using 10 µl of PCR amplification products and 1 U of HaeIII or HinfI in 2 μl of appropriate buffer (Promega). After incubation for 1 h at 37º C, the digestion products were run out on 2% agarose gels.
DNA sequencing and data analysis DNA sequencing and PCR amplification products were purified and sequenced by Macrogen Inc. (South Korea) with the ITS4 primer. Sequences were identified using the BLAST program (http://blast.ncbi.nlm.nih.gov), and deposited in the European Molecular Biology Laboratory (EMBL) database. 
Conservation of fungal isolates
One representative of each species of sporulating fungi was stored on filter paper at -20 °C (Nakasone et al., 2004) . In the case of species of Mycelia sterilia, they were preserved in Petri dishes containing PDA culture media.
Community description and analysis
Constancy of species was determined as (number of the sub-samples in which a species was recorded/total number of sub-samples) × 100. Community of fungal species across two depths was analyzed by (i) species richness (S), (ii) Shannon's diversity index, (iii) evenness E = H´/H´max, where H´max is the maximum value of the diversity for the number of species that are present (Magurran, 1988) . Species richness, means of Shannon´s diversity Index (H) and evenness (E) between depths were examined with one-way blocked ANOVA, were transects were blocks and depth treatment.
RESULTS
Isolation and identification of fungal microfungi
Using different culturing methodologies, through direct and microscopic observation and assisted by molecular methods we identified 38 fungal species and 18 genus comprising anamorph genera of Ascomycetes and Zygomycetes. (Tables 1 and 2) .
From three different isolation methodologies, direct sowing was the most efficient technique, since 299 isolates were obtained. From these isolates, 182 were identified at species or genus level according to the presence of characteristic reproductive structures and 117 isolates could not be classified because they presented only a hyaline sterile mycelium. From these results, a group of 40 Mycelia sterilia colonies, which presented macroscopic differences in colony topography, color, texture or exudates production, were selected for identification through PCR-RFLP analysis of the ITS region. Five restriction patterns were obtained from all colonies analyzed. The amplification product of the ITS region from one representative isolate of each PCR-RFLP group was sequenced. Five fungal species were identified different to the sporulating fungi taxonomically determined through microscopic analysis (Table 2) .
Using the dilution method of soil, a total of 39 colonies were isolated and identified as Trichoderma. Nineteen isolates could be directly identified by microscopy and a group of twenty isolates, were identified mostly as T. harzianum after sequencing the ITS region (Table 1) . Finally, using the humid chamber method, a predominant development of opportunistic saprophytic fungi (mainly yeasts) were only observed and consequently, no fungal isolation was considered.
Community structure
Species richness, Shannon´s diversity and evenness did not show a significant difference among dephts (Table 3) . Species richness was similar between depths with 12 to 14 species by transect. Mean of Shannon´s diversity index ranged from 0.69 to 1.18 and evenness from 0.69 to 0.88.
Fungal species found in sub-samples A and B and constancy values (%) are shown in Table  4 . We observed exclusive species in depht A (8) or in B (10) while 14 species were found in both sub-samples. Fungal isolates considered as Mycelia sterilia presented a high constancy (79.1%) meanwhile microfungal identified species showed that P. frequentans (54.1%), T. harzianum (33.3%), T. koningii (29.1%) T. polysporum (22.9%) T. hamatum (20.8%), and A. restrictus (16.6%) were the taxa with a greater constancy.
DISCUSSION
This study is the first to analyze microfungal diversity in a southernmost pristine peatland of Tierra del Fuego by using a combination of classic and molecular methods for fungal identification. In the studied peatland the anamorphic Ascomycetes represents the largest group of fungi isolated as in other environments in the world. Additionally, fungi of the subdivision Zygomycetes and an important group of unidentified fungi represented by Mycelia sterilia were isolated. These results are in accordance with previous studies describing fungal diversity found in surveys conducted in Europe, North and South Hemisphere peatlands (Thormann, 2005; Gilbert & Mitchell, 2006; Thormann & Rice, 2007) .
Fungi of genera Aspergillus, Cladosporium, Mortierella, Mucor, Ulocladium, Penicillium and Trichoderma were identified, and interestingly, they correspond to fast growing species with copious spore production. The high number and proportion of these fungal species on peat is a consequence of the acidic conditions, poor aeration and low content of mineral in these environments. Furthermore, these fungi have been reported representing the vast majority of isolates obtained from Table 3 . Total number of microfungal species (S), mean and standard deviation of Shannon´s diversity Index (H), and evenness (E) for each transect, at two sampling depths (A: 3-10 cm depth; B: 11-20 cm depth) in Astelia-Donatia cushion peatland, Moat, Tierra del Fuego. F and p-value (between brackets) from one-way blocked ANOVA for depth (treatment) and transect (blocks) are shown for each index. There were no significant differences between depths (p > 0.05). worldwide peat samples. Their growth habits and relative easiness of cultivation on standard media could explain this prevalence (Thormann, 2005; Artz et al., 2007; Thormann & Rice, 2007) . The mentioned fungal species, were also reported in fungal biodiversity studies associated with Sphagnum bogs at Tierra del Fuego (Searles et al., 2001; Robson et al., 2004) . Species of Aspergillus, Penicillium and Trichoderma were the most common found in the present study (Tables 1 and 4 ). These genera have broad enzymatic profile and, consequently, are able to degrade a wide variety of structural and storage polymers of peat and peatland plants, where they are dominant (Thormann, 2005) . Particularly, Penicillium species were the most numerous at the studied site, being P. frequentans the species with the highest constancy (54.1%) (Table 4) , probably due to their ability to produce a wide range of antibiotics and mycotoxins protecting them from other soil organisms, and hindering the growth of other fungal species. These results are similar to studies conducted by Khalid et al. (2006) in which they reported the high percentage of ocurrence of this genus as cellulose decomposing fungi in soils samples. Moreover, it has been shown that Penicillium is the dominant genus on peat samples, and is more frequent with increasing acidity of peats (Küster, 1963; Repečkienė et al., 2012) .
S H E
Soil pH has been identified as a highly influential factor controlling microbial diversity and community composition across soil types (Fierer & Jackson, 2006; Allison & Treseder, 2008; Rousk et al., 2010) and differences in microbial communities structures have been identified between peatland types. The pH of our studied site averaged 4.23, which represents conducive environmental conditions for fungal development.
Trichoderma was another important genus found at the Moat cushion peatland. This is a soil-borne free-living, non-pathogenic fungus, which can also colonize roots of numerous plants, has a broad enzymatic profile and often prevents the development of other fungi. In this study we identified five Trichoderma species, three of them through direct microscopic observation and two additional ones by a molecular approach (Table 1 ). All these species have been reported from peatlands in the Northern Hemisphere (Thormann & Rice, 2007) . (Table 2 ). As reported in other studies, this method can be of great utility when is not possible to use the classical methods for identification or may be used as an efficient culture indepedent-molecular tool for ecological studies since more information about fungal diversity could be obtained (Viaud et al., 2000; Watrud, 2006) .
Although species richness, diversity or eveness did not show a significant statistical difference between depths (Table 3) , different fungal species was exclusively isolated from peat samples taken on the surface or in depht (Table 4) . Also there were shared species isolated from two depths as Aspergillus, Cladosporium, Penicillium and Trichoderma corresponding to dominant fungal taxa with higher constancy (Table 4) . These fungi are ubiquitous and in this study their isolation were not affected by depth. Most common species of Penicillium and Trichoderma genera were present in both depths although certain species of these fungi with low constancy (2.0%) were present only in one depth (Table 4 ). As reported in other studies about richness and diversity of fungal species on different peatland, cellulose-decomposing fungi were the most representative group and their wide distribution, fast growing development and sopurulation suppressed the growth of other fungal species (Thormann, 2005; Repečkienė et al., 2012) .
Other species with low constancy as Aphanocladium (4.1%), Scopulariopsis (4.1%) and Verticillium (4.1%) occurred exclusively at surface samples, whereas those of the genera Mortierella (2.0%) and Ulocladium (2.0%) were only identified at depth samples. In this study, as reported in other peatlands the occurrence rate of these fungal taxa was rare or occasional (Repečkienė et al., 2012) .
In contrast with several reports that showed a decrease of microbial biomass with depth, associated by the presence of more labile organic matter or higher redox states near the surface (Blodau et al., 2004; Basiliko et al., 2007) , it seems that in the case of the site sampled at the Moat peatland, fungal species diversity were not affected by depth. Maybe similar organic matter quality (Paredes, pers. com.) or a similar relationship between oxygen and carbon dioxide levels (Giri et al., 2005; Bragazza et al., 2007; Preston et al., 2012) could contribute to this fungal distribution. Additionally, it was reported that fungal activity often decreases under anoxic conditions when anaerobic bacteria are the major players in the mineralization of organic matter via fermentation and respiration processes (Kamal & Varma, 2008; Thormann, 2011; Lin et al., 2012) . In this study we recorded that the water table was close to the surface during 95% of the summer season, and samples at depth were taken from a partial water-logged condition. On the other hand, anoxia could be prevented by oxygen releasing from roots (Fritz et al., 2011) of cushion plants like A. pumila and D. fascicularis which have the ability to form long roots down to 2 m depth. Fritz et al. (2011) reported that in cushion plant lawns, high soil oxygen coincided with these root systems, and methane emissions were absent. We suggest that anoxia could be prevented by the oxygen released by roots which creates a potential microhabitat for aerobic fungi and allow much higher fungal diversity and activity compared to Sphagnum-bogs and fens where anaerobic processes dominate the anoxic zones (Clymo, 1984; Thormann, 2011) . Furthermore, the link between aerobic decomposition and fungal diversity in cushion bogs warrants further investigations.
We conclude that Astelia-Donatia peatland is a complex ecosystem which has a diversity of filamentous fungal species similar to other peatlands around the world. Future efforts and research will be carried out to understand and quantify the mechanisms that govern the diversity of fungal communities in Tierra del Fuego cushion peatlands.
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